Abstract-This paper describes a diagnostic radar cross section (RCS) measurement system which uses a low-power, wideband, linear-FM radar to provide RCS responses of targets as a function of frequency, range, cross range, and angle. Range and frequency responses are produced by using an FFT analyzer and a desktop computer to perform on-ine signal processing and provide rapid access to fmal results. Twodimensional maps of the target RCS distribution in range and cross range are obtained by off-line processing of recorded data. The system processes signals resulting from a swept bandwidth exceeding 3 GHz to provide range resolution of less than 10 cm. 
INTRODUCTION E CHOES backscattered from complex targets irradiated by
short-wavelength radars can be characterized as superpositions of signals emanating from localized scattering centers on the target. By processing radar echoes, it is possible to determine the location and magnitude of individual scattering centers. When this is accomplished with adequate resolution, a radar image is obtained which provides a map of the spatial distribution of the target's reflectivity. Targets can be imaged by methods which independently yield resolution in range (along the propagation direction) and in cross range (normal to the propagation direction). Resolution in range is obtained by time-delay sorting of wideband signals, and resolution in cross range can be obtained by synthetic aperture methods [ 1] , [2] . The If the individual scattering centers on the target are relatively insensitive to frequency, the results of swept-or stepped-frequency measurements can be processed. to obtain the range distribution of the scattering centers. These data provide fundamental information about the spatial distribution of the backscattered sources. The range distribution of scattering centers can also be obtained by using a shortpulse radar, in which case the range resolution is determined by the pulse duration. The coherent data, obtained by varying the frequency over a bandwidth, can be recorded as a function of aspect angle and subsequently processed to resolve the target space in range and cross range. This provides a two-dimensional map of the spatial distribution of the scattering centers. By using wideband coherent signals and sophisticated signal processing, it is possible to determine the RCS of a target as a function of frequency, range, cross range, and angle by a single measurement set up. The ability to determine the location, magnitude, and character of scattering centers provides a diagnostic test function which is essential for efforts to alter the scattering properties of complex targets. range profile of the target with a resolution which is determined by the signal duration T. The frequency of the signal output from the homodyne receiver associated with a target at range R is f= 2BR/(cT).
SYSTEM DESCRIPTION
(2) The spectral resolution Af of a sinusoid observed over a period T is of the order of The output of the target mixer is conditioned, amplified, and fed to an analog-to-digital converter prior to recording on magnetic tape. The output signal is also fed to a real-time FFT analyzer which samples and digitizes the signal and performs a 1024-point FFT essentially in real-time. Figs. 4-7 show examples of RCS versus range data obtained from experimental results. The measurements were performed in a tapered anechoic chamber approximately 8-m wide, 5-m high, and 22-m long. Although the performance of such chambers is generally frequency dependent, the variations as a function of frequency over the swept bandwidths used for these measurements are considered negligible. This is due to the relatively high operating frequencies and narrow illumination beamwidths. Fig. 4 shows a plot of RCS as a function of range for two small, vertical cylindrical rods separated by 25 cm obtained by using the on-line diagnostic system. The up-range cylinder was 6-cm long with a diameter of 1.9 cm, the down-range cylinder was 10-cm long with a diameter of 1.25 cm. The polarization was horizontal and the swept bandwidth was 3.1 GHz centered on 7.5 GHz. The range response was obtained using a tapered window to reduce the level of range sidelobes; this reduced the resolution to 10 cm. The low-level responses are caused by spurious reflections from the anechoic enclosure. Fig. 5 shows the RCS of a 1-in-diameter metal sphere. The Fig. 7 shows results of a test similar to that described in the preceding paragraph for a viewing angle of 300 off the longitudinal axis of the duct. The low-level responses from ranges outside the physical extent of the duct in Figs. 6 and 7 are caused by residues in the cancellation of background signals and by range sidelobe artifacts inherent to the processing.
The more pronounced down-range structure is assumed to be caused by multiple reflections between the ends of the ducts.
RCS versus Frequency
The output of the homodyne receiver provides a measure of the signal received as a function of the irradiating frequency. In an ideal measurement environment, the variations in the received signal can be attributed to the target and its response as a function of frequency thus determined directly. In practical situations, however, range profiles exhibit spurious responses at ranges other than that of the target. These can result from unintentional echoes from the ground or enclosures, from structures used to support the target, or from signal leakage between the transmitting and receiving antennas. The effects of the spurious echoes on the processed signal must be minimized in order to preserve the fidelity of the target frequency response. The signal processing required to extract the RCS as a function of frequency is diagrammed in Fig. 8, and consists of the following four distinct operations on the Fig. 9 shows the RCS as a function of frequency for a circular plate approximately 10 cm in diameter viewed at normal incidence. The plot shows the predictable increase in RCS proportional to the square of frequency. Fig. 10 shows a plot of RCS as a function of frequency for the two cylindrical rods with RCS versus range shown in Fig.  3 . The lobes of the frequency response are well correlated with the predicted width of 600 MHz. The frequency response consists of 128 values spanning the 3.1-GHz swept bandwidth. Fig. 11 shows the RCS as a function of frequency for a 1-indiameter metal sphere. The low-level, rapid variations as a function of frequency are caused by interference between the target response and contribution from the residual echoes of the anechoic chamber. The response shows the proper reso- nant behavior and is well correlated with the theoretical response which dips to -38.2 dBsm at a frequency of 6.5 GHz. Fig. 12 shows the RCS as a function of frequency for a metal plate covered with a sheet of 1-cm-thick radar absorbing material. The response covers a frequency range of 3.1 GHz centered on 10 GHz. The response of the metallic plate has been normalized to 0 dBsm and the plot shows the attenuation of the material to be maximum near 9 GHz.
RCS Versus Range and Cross Range
As shown in a preceding section, resolution in range is obtained by spectral analysis of the homodyne receiver output. This analysis separates the target response into range cells. Resolution in cross range is obtained by processing the signal content of each range cell as the target is rotated. For each successive small increment of target rotation, a linear-FM pulse is transmitted and received. The rotation rate is sufficiently slow, relative to the pulse duration, that the target is considered stationary while the pulse is transmitted. After range resolution is obtained for each increment, the signal content of each resolution cell is processed as a function of angular position to extract a Doppler signal which determines the cross-range coordinates. The basis of Doppler processing consists of the observation that the frequency shift of signals reflected by a rotating target point is proportional to the lateral offset of the reflector measured along an axis normal to the axis of rotation and to the line-of-sight. Doppler processing of signals reflected from a two-dimensional target rotating in a plane, therefore, yields resolution in cross range. When range and cross-range processing are combined, twodimensional images can be produced which display the spatial distribution of RCS as a function of range and cross range [3] .
The two-dimensional images are produced by an off-line computer which operates on samples of the output of the homodyne receiver which have been digitized and stored on magnetic tape. These data consist of records of the target response for successive angular increments, typically 0.10, taken over a complete rotation of the target. Two-dimensional images are produced by processing 128 such records. The two-dimensional images are useful for locating scatterers on complex targets which cannot be unambiguously separated on a onedimensional range response.
Figs. 13-17 present two-dimensional images of complex targets consisting of the target RCS as a function of down-range and cross-range coordinates. The size of the target field mapped is 20 X 20 ft and the resolution is 20 cm. The images are obtained by coherently processing arrays of range profiles over angular rotations of the order of 100. responses from the front part of the vehicle are attributed to reverberations from structures internal to a semi-transparent fiberglass cowling making up the front section. Fig. 14 length remains constant as a function of rotation, the response properly appears at zero cross range with a range d.elay equal to one-half of the separation between trailing edges. Fig. 16 is a two-dimensional image of a 1: 3.5 scale aircraft model approximately 5 m in length. The results were obtained from 1.5-GHz wideband data using vertical polarization. The aspect angle placed the line-of-sight normal to the leading edge of the wing. Fig. 17 is a two-dimensional, contour image of the same aircraft model viewed from a rear quarter aspect. Discrete scattering centers are evident at the tips of the wings and tail. A range-extended response approximately 4 ft to the left of center is due to reverberations occurring within the exhaust duct.
SUMMARY OF CAPABILITIES The systems described provide a unique capability for highresolution RCS measurements. The various options of operation provide a powerful diagnostic tool for locating scattering centers on complex targets. The one-dimensional responses of RCS versus range and frequency are produced essentially in real time and hundreds of such responses can be obtained in a working day. By processing digitally recorded data, twodimensional images of the target can be produced. This requires batch processing, typically with a one-day delay at an approximate cost of $10/image. Future plans include the expansion of these capabilities to higher operating frequencies in order to allow collection of such data on scale models of targets at frequencies representative of operational radars.
